This paper mainly studies the behavior of steel corrosion in various reinforced concrete under freeze-thaw environment. The influence of thickness of concrete cover is also discussed. Additionally, the bond-slip behavior of the reinforced concrete after suffering the freeze-thaw damage and steel corrosion has also be presented. The results show that the freeze-thaw damage aggravates the steel corrosion in concrete, and the results become more obvious in the concrete after suffering serious freeze-thaw damage. Compared with the ordinary concrete, both air entrained concrete and waterproofing concrete possess better resistance to steel corrosion under the same freeze-thaw environment. Moreover, increasing the thicknesses of concrete cover is also an effective method of improving the resistance to steel corrosion. The bond-slip behavior of reinforced concrete with corroded steel decreases with the increase of freeze-thaw damage, especially for the concrete that suffered high freeze-thaw cycles. Moreover, there exists a good correlation between the parameters of bond-slip and freeze-thaw cycles. The steel corrosion and bond-slip behavior of reinforced concrete should be considered serious under freeze-thaw cycles environment, which significantly impact the durability and safety of concrete structure.
Introduction
Concrete is a heterogeneous material with a high strength, and it also possesses a good versatility and relatively low cost, which makes concrete a man-made building material all over the world [1, 2] . However, attributing to the unique composite materials that are porous and highly heterogeneous, the passageways are provided for the water and chloride penetrations into concrete, which reduce the concrete durability [3] [4] [5] . Under harsh environment especially, concrete durability rapidly decreases. As demand for concrete structures in harsh environment increases, the concern toward long service lives of reinforced concrete structures also increases [6] . Apart from the structure failure, the significant cause of deterioration is the durability problem. There are two main factors obviously affecting concrete durability among all. One main factor of durability deterioration is caused by freezing and thawing, and the freeze-thaw damage caused by the expansion stress in concrete is more serious under the coupling environment of freeze-thaw and saturated water [7, 8] . The other main factor is the steel corrosion, and the chloride penetration is considered to be the primary cause of steel corrosion in reinforced concrete [9, 10] . Steel corrosion in reinforced concrete produces corrosion products that are approximately two to six times greater in volume than the original steel, which induces expansive pressure on the surrounding concrete and eventually causes cracking of the concrete cover progressing toward the concrete surface [11] [12] [13] [14] [15] .
The steel is in a state of passivation in reinforced concrete when the interior of concrete is kept in a high alkaline environment (pH 12.5-13.5). However, the passivation environment is destroyed with chloride penetrating into concrete, and it leads to the steel corrosion after a series of electrochemical reactions. Under chloride environment especially, for example, marine environment, enough chlorides are 2 Advances in Materials Science and Engineering provided for penetration through the pores and cracks in concrete. In general, concrete cover provides a protection to prevent steel from corrosion, which reduces chloride penetration and provides a related stable environment for steel, but the protection decreases when reinforced concrete is subjected to the freeze-thaw environment. Concrete durability rapidly decreases with the increase of freeze-thaw damage, and more pores and cracks are formed, which provide passageways for chloride penetration; consequently, the steel corrosion risk significantly increases. Freeze-thaw environment and steel corrosion should be considered seriously for the durability and structural safety design. Previous studies have investigated the steel corrosion in reinforced concrete in detail; however, most studies are carried out under common environment. Glass and Buenfeld give the presentation of the chloride threshold level for corrosion of steel in concrete [16] ; Berrocal et al. present the corrosion of steel bars embedded in fibre reinforced concrete under chloride attack [17] ; and Coccia et al. investigate the influence of corrosion on the bond strength of steel rebars in concrete [18] . Most researches on the steel corrosion in reinforced concrete almost neglect the influence of harsh environment, but the harsh environment frequently exists in the actual environment, such as freeze-thaw and chloride penetration environments. The service life of reinforced concrete structures usually is designed on the basis of one selected deteriorating mechanism, for instance, carbonation, chloride penetration, and frost action. However, those combined actions, such as chloride penetration in combination with freeze-thaw cycles, may shorten service life of reinforced concrete structures more than individual processes acting alone [19] [20] [21] [22] [23] . Consequently, taking the harsh environment and combined actions into consideration is important and necessary. From the sentences mentioned above, this paper is developed to investigate the steel corrosion and bond-slip behavior in reinforced concrete under the coupling effect of freeze-thaw damage and chloride penetration. The steel corrosion in various concrete under freeze-thaw environment is determined. Moreover, the bond-slip behavior between the concrete and the corrosion steel after suffering freeze-thaw cycles is also investigated, which has not been studied by the previous studies.
To achieve this objective, ordinary, air entrained, and waterproofing concrete were first prepared, and different freeze-thaw cycles were subsequently applied in concrete specimens. The status of steel corrosion in reinforced concrete was measured after suffering different freeze-thaw cycles, and the corrosion current density is used to evaluate the steel corrosion status. The influences of cover thicknesses and water cement ratio on steel corrosion under freezethaw environment are also discussed. For examining the accuracy of testing results of corrosion current density, the actual appearances of steel corrosion after different freezethaw cycles are also measured through a splitting test. Finally, the effects of freeze-thaw damage and corrosion of steel on the bond-slip behavior in reinforced concrete have also been investigated by bond-slip test, and it aims to evaluate the mechanical properties of reinforced concrete after suffering freeze-thaw damage and steel corrosion.
Materials and Experimental Details

Mixture Proportions and Concrete Specimens.
Various concrete specimens are prepared first, and Table 1 shows the specific mixture proportions. Reinforced concrete specimen with the size of 280 mm × 150 mm × 75 mm can be seen from Figure 1 . The influences of cover thickness and water cement ratio on steel corrosion in reinforced concrete under freezethaw environment are also discussed, and the cover thickness is, respectively, 15 mm and 30 mm.
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Freeze-Thaw Cycles
Fe e e e e e e e e e e e e e e e e e e 2 2 2 2 2 2 2 2 2 2 2 2 2 2+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2e e e e e e e e e e e e penetration, all specimens were stored in water for another 30 days; this aims to make the concrete in a water-saturated state. Eventually, all the specimens were put into the freeze-thaw equipment. One freeze-thaw cycle lasts about four hours, and the core temperature of the concrete ranges from +8 ± 2 Celsius to −17 ± 2 Celsius in one freeze-thaw cycle. After reaching a predefined number of freeze-thaw cycles, concrete specimens were taken out of the testing set-up, and relative dynamic modulus of elasticity was determined, which aims to evaluate the frost damage of concrete after different freezethaw cycles.
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Accelerated Steel Corrosion Test for Concrete Suffering the
Freeze-Thaw Damage. When the freeze-thaw cycles reach a predefined number ( = 0, 10, 50, and 100 cycles), concrete specimens were taken out of the freeze-thaw set-up. Then, they were dried in a ventilated oven at 50 ∘ C until they reached constant weight, and four smaller side surfaces were sealed with wax to make the chloride penetrate into concrete in onedimensional way. The specimens were put into an aqueous salt solution containing 3% NaCl to begin accelerated rebar corrosion test that lasted 200 days, and the testing set-up was shown in Figure 1 (b). The current density ( corr ) was measured in a predefined time, and steel corrosion rate can be estimated through the testing results of current density. After a 200-day test, the specimens were taken out of the salt solution and layers with a thickness of approximately 1 mm were milled successively starting from the exposed surface. Chloride content of the powder obtained in this way was determined by chemical analysis [24] . Table 3 : Relation between corrosion current density and steel corrosion status.
Steel corrosion status
Corrosion current density Passivation status corr < 0.1 A/cm The steel corrosion rate in various reinforced concretes can be determined by the value of corrosion current density corr according to the linear polarization principle. Figure 1 (c) shows the method of lineal polarization to test steel corrosion in reinforced concrete [25, 26] . Corrosion current density acts as the evaluation parameter of steel corrosion, and the calculation formula of corrosion current density is given in (1) Table 3 gives the relation between corrosion current density and steel corrosion status. When corr > 0.1 A/cm 2 , the steel is considered to be corroding [26, 27] . Steel corrosion rate increases with the increase of the value of corrosion current density. Consider where is polarization current, corr is corrosion current density, is over potential, is polarization resistance, and and are the Tafel constants of the negative and positive poles.
. Combining with the Standard Test Method for Determining Effects of Chemical Admixtures on Corrosion of Embedded Steel Reinforcement in Concrete Exposed to Chloride Environments (ASTM G109-2007),
corr = 2.303 ( + ) ⋅ 1 = , = 2.303 ( + ) ,(1)
Bond-Slip Test for Concrete Suffering the Coupling Action of Freeze-Thaw Damage and Steel Corrosion.
The bond-slip test of various reinforced concrete after suffering the coupling action of freeze-thaw damage and steel corrosion was also carried out, as shown in Figure 2 . Additionally, the corrosion current densities of the steel in reinforced concrete specimens in the bond-slip test are all above 1.0 A/cm 2 , and it demonstrates that the steel is in a state of serious corrosion. Two kinds of loading states were applied in the specimens, respectively, including with sustaining load and without loading. The length of is about 7 times as high as the bar diameter, and the bar diameter is 12 mm. The concrete specimens with serious steel corrosion were first prepared, and then different freeze-thaw cycles were applied to the specimens. When the freeze-thaw cycles reached 0, 25, and 50 cycles, the bond-slip test was subsequently carried out, and the provided loadings were 0%, 30%, and 50% of ultimate pulling strength, respectively. Table 4 shows relative dynamic modulus of elasticity of concrete after suffering different freeze-thaw cycles. The results show relative dynamic modulus of elasticity decreases with the increase of freeze-thaw cycles. The freeze-thaw cycles have a significant impact on relative dynamic modulus of elasticity of concrete specimens. When the freeze-thaw cycles reach 100 times, relative dynamic modulus of elasticity of C-0.4, C0.6, C-0.6A, and C-0.6W specimens, respectively, decreases by 24%, 80%, 4.8%, and 47% compared with that after zero freeze-thaw cycles. The frost resistance decreases with the increase of water cement ratio, and the influences are very obvious. For various concrete specimens with the same water cement ratio, ordinary concrete has the lower relative dynamic modulus compared with air entrained and waterproofing concrete after suffering the same freeze-thaw cycles, which shows that ordinary concrete has an inferior frost resistance.
Results and Discussion
Frost Resistance for Different Concrete.
C-0.6A specimen has a superior frost resistance, even after suffering high freeze-thaw cycles. This can be attributed to the addition of air entrained agent, and emerged independent and closed pore structures in C-0.6A concrete improve the frost resistance. Independent pore structures can well relieve the internal expansion pressure in concrete under freeze-thaw environment. However, the pores in ordinary concrete are most connected, which play an adverse effect on the frost resistance under freeze-thaw environment. C-0.6W specimen also has a better frost resistance compared with ordinary concrete under the same freeze-thaw environment, which is due to the existence of hydrophobic coating on the surface of waterproofing concrete. The hydrophobic coating is formed after a series of chemical reactions, and then the water penetration is reduced. Consequently, the frost damage caused by the freezing and thawing expansion stress is subsequently decreased, and the frost resistance is improved. 
Chloride Content Determined for Various Concrete after
Different Freeze-Thaw Cycles. As is well known, chloride penetration is the major cause of steel corrosion in reinforced concrete. Chloride contents in various concrete are determined after suffering different freeze-thaw cycles, and the chloride content curves are shown in Figure 3 . As shown in Figures 3(a) and 3(b) , the maximum chloride content increases with the increase of water cement ratio after suffering the same freeze-thaw cycles, and the increasing of chloride content becomes more obvious after high freezethaw cycles. Comparing with the results of Figure 3 Figures 3(c) , and 3(d), chloride content in C-0.6 specimen is higher than that of C-0.6A and C-0.6W specimens after suffering the same freeze-thaw cycles. When the freeze-thaw cycles are zero, the maximum chloride content of C-0.6, C-0.6A, and C-0.6W specimens is, respectively, 0.34%, 0.35%, and 0.2%, and the results become 0.65%, 0.41%, and 0.42% after 100 freeze-thaw cycles. The maximum chloride content is concluded to increase with the increase of freeze-thaw cycles. Additionally, air entrained concrete and waterproofing concrete have a better resistance to chloride penetration compared with ordinary concrete under the same freezethaw environment. The reason is that the freeze-thaw cycles aggravate the concrete damage, and more cracks and pores are formed in concrete. Water and chloride penetrate into concrete mainly through the cracks and pores; consequently, more passageways are provided for the chloride penetration with the frost damage increasing. C-0.6A specimen possesses a better frost resistance than C-0.6 specimen, and the chloride content of C-0.6A specimen is much lower than that of C-0.6 specimen under the same freeze-thaw environment. The C-0.6W specimen has a better resistance to water penetration, and the chloride penetrates into concrete mainly by the medium of water. Consequently, the chloride content is also reduced, and the chloride content of C-0.6A and C-0.6W is lower than that of C-0.6 specimen even after high freeze-thaw cycles. Figure 4 shows the testing results of corrosion current density in reinforced concrete with 15 mm concrete thickness. The results demonstrate that the freezethaw cycles have a significant impact on corrosion current density, and the corrosion current density increases with the increasing of freeze-thaw cycles and testing time. Comparing with the results in Figures 4(a) and 4(b), corrosion current density increases with the increased water cement ratio. For C-0.4 specimen, after 200-day accelerated corrosion, the corrosion current density after 0, 10, 50, and 100 freeze-thaw cycles is, respectively, 0.082, 0,085, 0.19, and 0.46 A/cm 2 , as shown in Figure 4 (a); and the results become 0.31, 0.42, 1.14, and 1.78 A/cm 2 for C-0.6 specimen after 200-day accelerated corrosion, as shown in Figure 4 (b). The influence of water cement ratio on corrosion current density is obvious, and the changing becomes more obvious after high freezethaw cycles.
Steel Corrosion Behavior for Various Reinforced Concrete after Different Freeze-Thaw Cycles
Steel Corrosion Behavior for Fresh Concrete after Different Freeze-Thaw Cycles.
Combing with the relation between corrosion current density and steel corrosion status, as shown in Table 3 , the steel corrosion status can be measured. When the accelerated steel corrosion test reaches 200 days, the steel in C-0.4 specimen is at the state of passivation after zero freeze-thaw cycles, and the steel is at the state of medium to high corrosion after 100 freeze-thaw cycles. The steel in C-0.6 is at the state of low to medium corrosion after zero freeze-thaw cycles, and steel is at the state of serious corrosion after 100 freeze-thaw cycles. It is remarkable that the frost increases the steel corrosion rate. Frost damage aggravates the concrete degradation. More cracks and pores are formed after suffering frost damage, and the protection provided by concrete is decreased [28] [29] [30] . More passageways are provided for chloride penetration under the environment exposed to the chloride penetration, and they increase the steel corrosion rate. Consequently, the steel corrosion rate rapidly increases with the increase of freeze-thaw cycles. Decreasing water cement ratio is an effective method to reduce the steel corrosion rate under freeze-thaw environment. The actual appearance of steel corrosion in ordinary concrete after different freeze-thaw cycles was also measured through a splitting test, and it aims to evaluate the testing accuracy of corrosion current density. The actual steel corrosion in C-0.6 specimen is with a little rust when the freeze-thaw cycles are zero, and the actual steel corrosion is with mass rust after 100 freeze-thaw cycles. Comparing with the testing results of corrosion current density, it is obvious that there exists a good correlation between the testing results and the actual steel corrosion status.
For investigating the influence of cover thickness on steel corrosion under freeze-thaw environment, Figure 5 gives the testing results of corrosion current density with 30 mm cover thickness. Comparing with the results in Figures 4 and 5 , it turns out that the corrosion current density significantly decreases with the increase of cover thickness for the same concrete after suffering the same freeze-thaw cycles. Chloride content decreases with the increase of penetration depth, and the protection of steel is provided by the cover thickness. As a consequence, increasing cover thickness is another effective method to reduce steel corrosion rate under freeze-thaw environment.
Steel Corrosion Behavior of Air Entrained Concrete after Different Freeze-Thaw Cycles.
Air entrained concrete possesses a good frost resistance, and it is frequently applied in the construction under frost environment. This section is developed to investigate the steel corrosion in air entrained concrete under freeze-thaw environment. Figure 6 shows the testing results of corrosion current density in C-0.6A specimen. The results show freeze-thaw cycles and cover thickness have a significant impact on the steel corrosion under freeze-thaw environment. When concrete cover is 15 mm and the corrosion time reaches 200 days, corrosion current densities after different freeze-thaw cycles all range from 0.1 to 0.5 A/cm 2 , which shows the steel is at the state of low to medium corrosion, combined with Table 3 . When the concrete cover is 30 mm and the corrosion time reaches 200 days, the corrosion current densities after 0, 10, and 50 freeze-thaw cycles are all below 0.1 A/cm 2 , and it shows the steel is at the state of passivation; moreover, there is no rust on the steel surface. The value becomes 0.15 A/cm 2 when the freeze-thaw cycles are 100 times, and steel is at the state of low to medium corrosion, which demonstrates the rust is formed on the steel surface. Comparing with the results in Figures 4, 5, and 6, corrosion current density in air entrained concrete is much lower than that in ordinary concrete under the same condition, which shows steel in air entrained concrete has a lower corrosion rate. Additionally, the steel is pulled out of concrete after 200 days of accelerated corrosion, and the results show that there exists a good correlation between the actual steel corrosion and the testing results of corrosion current density.
Attributing to the addition of air entraining agent, unique pore structures are formed, which improve the frost resistance of air entrained concrete. Figure 7 gives the image of pore structure in fresh concrete and air entrained concrete through the set-up of Scanning Electron Microscope (SEM). Independent and closed pore structures can be seen in the air entrained concrete, and they can well relieve the internal expansion pressure caused by the freezing and thawing damage; consequently, the frost damage in air entrained concrete is much lower than that in fresh concrete. Even after high freeze-thaw cycles, the steel is also at the state of low corrosion rate, and the actual rebar corrosion also approves the testing results of corrosion current density. As mentioned above, the conclusion is drawn that air entrained concrete has a better resistance to rebar corrosion than ordinary concrete under freeze-thaw environment. resistance to the water and chloride penetrations, the durability of waterproofing concrete is improved, and waterproofing concrete has been applied in the harsh environment, on a large scale. This section aims to test the steel corrosion in waterproofing concrete under freeze-thaw environment, and the influence of cover thickness on steel corrosion is also discussed. Figure 8 shows the testing results of corrosion current density in C-0.6W specimens. In general, the value of corrosion current density increases with the increase of freeze-thaw cycles and corrosion time. As shown in Figure 8 (a), when the time of accelerated steel corrosion reaches 200 days, the corrosion current densities are all below 0.1 A/cm 2 after 0, 10, and 50 freeze-thaw cycles, which indicates that the steel is at the state of passivation. The value becomes 0.2 A/cm 2 after 100 freeze-thaw cycles, and it demonstrates the steel is at the state of low to medium corrosion. Additionally, the actual steel has no rust in C-0.6W specimen after zero freeze-thaw cycles, and the steel is with a little rust in C-0.6W specimen after 100 freezethaw cycles through a splitting test. Although the results show that frost damage increases the steel corrosion rate, the steel corrosion rate in waterproofing concrete is lower than that in ordinary concrete under the same freeze-thaw environment. Even after high freeze-thaw cycles, steel corrosion rate in waterproofing concrete is also reduced. Comparing with the results in Figures 8(a) and 8(b) , the steel corrosion rate reduces with the increase of cover thickness.
Steel Corrosion Behavior for Waterproofing
A series of chemical reactions existed in waterproofing concrete in the processing of forming a hydrophobic coating. When the silane gel contacts with concrete, it rapidly penetrates into concrete under the action of capillary absorption. Alkyl alkoxy silane first reacts with water, and the silanol is produced. Subsequently, the silanol reacts with the concrete. Eventually, a hydrophobic coating is produced on the surface of the concrete through a condensation reaction of the active group. The surface tension of the capillary channel in concrete is thus decreased, and the water penetration is effectively reduced. The steel corrosion is mainly caused by the chloride penetration, and the transmission of chloride penetration is mainly by the water penetration. Consequently, the chloride penetration reduces with the decrease of water penetration in waterproofing concrete, and the steel corrosion rate also reduces.
Bond-Slip Behavior for Reinforced Concrete Suffering the Coupling Action of Freeze-Thaw Damage and Steel Corrosion.
The bond-slip behavior is the main evaluation indicator for the structure safety of reinforced concrete. This section aims to investigate the bond-slip behavior of reinforced concrete with serious corrosion of steel after suffering different freezethaw cycles, and the results are shown in Figure 9 . It is obvious that the freeze-thaw cycles have a significant impact on the bond-slip behavior of reinforced concrete, and the maximum pull-out load decreases with the increase of freezethaw cycles. As shown in Figure 9 (b), the influence of applied sustaining load on the bond-slip behavior of reinforced concrete is not obvious when the freeze-thaw cycles are below 25 times. However, the effect of applied sustaining load on the bond-slip behavior of reinforced concrete becomes more obvious when the freeze-thaw cycles reach 50 cycles, as shown in Figure 9 (c). The maximum pull-out loads for concrete applied 30% and 50% of ultimate pulling strength decrease by 22.8% and 48.5%, respectively. The high freezethaw cycles and serious frost damage increase the deterioration rate of the bond-slip behavior in reinforced concrete, and the deterioration rate of the bond-slip behavior also increases with the increase of applied sustaining load. Figure 10 gives the relationship between the ultimate bond strength, slip peak, and freeze-thaw cycles, and it shows that there exists a good correlation between the ultimate bond strength and freeze-thaw cycles; moreover, there also exists a good correlation between the slip and freeze-thaw cycles, which provides a method to evaluate the bond-slip behavior of reinforced concrete under freeze-thaw cycles, approximately. Especially for the reinforced concrete after suffering a serious frost damage, the bond-slip behavior of reinforced concrete should be considered seriously. Additionally, the relationship between the freeze-thaw tests in laboratory and field exposure has been established according to Li et al. [31] . Although, the relationship obtained in this paper cannot be directly used to evaluate the bond-slip behavior of reinforced concrete under actual environment, it provides some important factors for the designing of durability performance and structure safety of reinforced concrete, approximately.
Conclusion
This paper is developed to study the steel corrosion in various concrete under freeze-thaw environment. Ordinary concrete, air entrained concrete, and waterproofing concrete are prepared. Based on the results of this experimental work presented above, the following conclusions are drawn:
(1) Relative dynamic modulus of elasticity decreases with the increase of freeze-thaw cycles, and the chloride content increases with the increase of freeze-thaw cycles. Freeze-thaw cycles significantly influence the steel corrosion in ordinary concrete, and frost damage increases the steel corrosion rate. Especially after high freeze-thaw cycles, serious steel corrosion happened. Increasing the cover thicknesses and decreasing the water cement ratio are two effective methods to improve the resistance to steel corrosion under freezethaw environment. Steel corrosion in concrete can well be measured by the testing results of corrosion current density, and there exists a good correlation between the actual steel corrosion and testing results.
(2) Steel corrosion in air entrained concrete has a similar changing trend to that in ordinary concrete under freeze-thaw environment. However, attributing to the incorporation of air entrained agent, air entrained concrete has a good freeze-thaw resistance. Consequently, the steel corrosion rate in air entrained concrete is much lower than that in ordinary concrete. Even after high freeze-thaw cycles, steel is also in a low corrosion state. Furthermore, the actual degree of steel corrosion in air entrained concrete is also much lower than that in ordinary concrete. Air entrained concrete can reduce the rate and degree of steel corrosion under freeze-thaw environment.
(3) Because of the existence of hydrophobic coating formed on the surface of waterproofing concrete, the chloride content significantly reduces compared with that in ordinary concrete under the same freeze-thaw environment. Although frost damage increases the rate of steel corrosion in waterproofing concrete, the steel corrosion rate is obviously decreased compared with that in ordinary concrete, even after high freezethaw cycles are applied. Waterproofing concrete also possesses a better resistance to steel corrosion than ordinary concrete under freeze-thaw environment. (4) The freeze-thaw damage has a significant impact on the bond-slip behavior of reinforced concrete with serious corrosion steel, and the ultimate bond-slip strength decreases with the increase of freeze-thaw cycles. In addition, there exists a good correlation between the bond-slip behavior and applied freezethaw cycles, which provides a method to evaluate the bond-slip behavior of reinforced concrete under freeze-thaw cycles, approximately.
